Abstract: Recent work utilizing an interference microscope system imaging live biological samples to create phase image movies tracking dynamic motions and volumetric changes is presented. Measurement examples highlight background leveling and unwrapping phase in time.
Overview
The ability to instantaneously measure live cells, and follow motions and processes over time, provides valuable information to researchers studying cellular dynamics, motility, and cell and tissue morphology. Quantitative phase imaging can measure structures from interference images analogous to those viewed with phase-contrast imaging and differential interference contrast imaging. Phase images can reveal features and quantitative data that are not available through conventional imaging. Phase imaging measures optical thickness variations due to small variations in refractive index relating to variations in density of different structures and materials within cells and tissues. Very small refractive index variations can manifest as large variations in phase images. Phase image data enables quantitative measurements that aren't possible with standard microscopy techniques. Samples do not need to be stained, labeled or marked, and harmless light levels are used. By taking short snapshots in rapid succession, the dimension of time opens up the ability to track motions of cells, see how cells interact with one another, and follow small motions within cells, tissues and structures. This type of imaging with quantitative analysis enables new types of studies involving cell tracking and process monitoring.
Last year we presented initial measurements made with an innovative, highly flexible, dynamic 4D microscope system capable of creating 4-dimensional, quantitative, movies of live cells. This year we present new results utilizing a newly designed system and data processing to automatically process phase images.
Background
Full-field phase-imaging interference microscopes have been around since the early 1980's [1] [2] [3] . High precision measurements on small surfaces have been obtained for engineering surfaces such as hard disk substrates, magnetic heads for hard drives, and critical dimension measurement for lithography [3] . Techniques developed for these instruments have relied upon temporal phase-measurement methods, which predominantly obtain interferograms sequentially. These require good vibrational damping, and static specimens so that high-quality data can be obtained.
As an alternative, pixelated phase mask sensor technology uniquely provides a single frame phase measurement in a compact, robust format that is compatible with conventional microscope imagining systems, and permits the use of a wide variety of wavelengths and source bandwidths [4, 5] . It enables the creation of a versatile and compact microscope interferometer for biological applications [6, 7] . These sensors have been implemented in many different types of interferometers and are insensitive to vibration and do not require scanning. All necessary information to determine phase is recorded in a single snapshot [4] [5] [6] [7] .
The interference microscope used for this work is based upon a Linnik configuration [3] . It is comprised of a Köhler-type illumination system utilizing a low coherence extended source, and a simple imaging system as shown in (see Figure 1 ). An aperture stop enables controlling the size of the source in the entrance pupil of the microscope objectives, while a field stop enables easier alignment of the system. This particular design utilizes polarized light so that the object and reference beams have orthogonal polarizations. The incoming illumination is split into orthogonal polarizations before the microscope objective using a polarization beamsplitter. The relative irradiances of the test and object beam are balanced for maximum contrast using a polarizer. A quarterwave plate (QWP) before the camera combines the two polarized beams so that the two beams can interfere at the pixelated phase mask. The lowcoherence extended source reduces coherent noise, spurious reflections, and enables isolation of a small depth region within the sample. For the measurements in this paper, samples in water or cell media are viewed in reflection through a cover slip. Source wavelengths can vary throughout the visible and near infrared, while a variety of objective magnifications can be utilized. For the examples presented in this paper, sources with wavelengths of 660 nm and 785 nm were used with 20X or 50X objectives and imaging "tube" lens magnifications between 1-2.3X. This type of microscope directly measures phase, specifically the phase difference between the reference beam and the test beam, also known as optical path difference (OPD). Each interference fringe in reflection corresponds to one-half wave of OPD. Typically, the raw units of this measure are in terms of wavelengths of the source light (waves). To make these data more useful we convert the phase data to optical thickness OT(x,y) which is given by Optical thickness (OT) is an integrated measure of the overall optical path through the sample, which is the product of the localized index of refraction n(x,y,z) and the physical thickness t(x,y,z), For viewing in reflection measurements, these examples yield OT in double pass through the coverslip and liquid containing the objects. Denser areas of the object with higher indices of refraction will yield a larger OT as shown in Figure 2 . Typically, the index of refraction of the coverslip is ~1.5, the index of water is ~1.33, while cellular media is ~1.37, cytoplasm ~1.39 and cellular organelles like nuclei ~1.41-1.43. Subtle differences as small as the third decimal place in refractive index are detectable by this system.
Examples
A few images of a swimming paramecium from a 40-frame movie taken at 15 Hz are shown in Figure 3 . These images have a magnification of 46X with a 660 nm source. Exposures are ~1 ms. Note that the cilia are visible. The paramecium is 10 µm wide and 25 µm long. The OT scales from 0.7 to -0.2 waves or 0.46 to -0.13 µm.
The next example shows cell cultures of the MCF715 human breast cancer line grown in cell media on coverslips. To image these cells, the coverslips were placed upside down on a highly reflective mirror with cell media filling in between the mirror and coverslip. These images were taken at 20X with a 1.67X tube lens, a 660 nm source and 2 ms exposures. Cell cultures can also be measured directly on glass slides with media and a coverslip, but for the same short exposure times this would require a more powerful source. Figure 4 shows an image of some of these cells. Note that the intercellular matrix and newly forming cells around the edges of the matrix are clearly visible and easily resolved as are organelles and nuclei within the cells. The lateral sampling in the image for this exposure is 0.53 µm for each 4-pixel 2x2 cell in the pixelated phase mask. The optical resolution at NA=0.5 is 0.8 µm (0.61 λ/NA) yielding a slightly oversampled image. To process this image so that different optical thickness layers have different colors, the background shape due to the mirror and coverslip has been subtracted out by fitting piston, tilt, curvature and cylinder (basically removing a best fit 2 nd -order polynomial surface) from the areas where there are not cells present [8] . This process of removing the background is automated using a Python script. Zernike polynomials [8] are fit to the calculated phase data, and then the residual surface between the Zernike surface and the calculated phase data is calculated. A histogram of the residual surface is filtered to mask pixels that belong to features of interest and then a new Zernike fit is made of the unmasked pixels. For an image with multiple features of interest, it takes a few iterations until the number of masked pixels stays constant. The image sequence for Figure 3 was processed using this method.
An example showing before and after is shown in Figure 5 . A 90-frame movie was taken at 15 Hz with 1 ms exposures at 46X. Selected frames from the raw phase data are shown in the top image sequence. The raw phase data show tilt in the background phase (variations from dark to light blue -or yellow to red -in background). Some frames show jumps in the mean phase value (blue versus red). After background leveling, it is much easier to see the features of interest and discern details relative to a flat background. Once the background is removed, any changes in cell shape or volume can directly be quantified.
Discussion
This paper has shown a number of examples of 4D phase measurements of living biological organisms and how they may be tracked dynamically as they move or as perturbations are made to their environment. The short exposure times freeze motion instantaneously and since all data to determine phase and optical thickness can be gathered in a single snapshot, no scanning is necessary. The ability to dynamically measure biological organisms in real time opens up many different types of applications ranging from flow cytometry to tissue dynamics, morphological and volumetric studies along with mechanistic studies, process monitoring, quantification of cellular motion, monitoring and tracking cellular damage under known perturbations, tracking cell migration, nerve and muscle transmission, histology and photodynamic therapy. 
